Introduction

Phagocytosis, the process by which cells engulf foreign
Results particles, occurs in eukaryotes ranging from unicellular organisms, which use it for nutrition, to mammals, where
Association of Calnexin-Rich ER Membranes it plays a key role in innate immunity (see Aderem and with Early Phagosomes Underhill, 1999). Phagocytosis is initiated by the binding
To distinguish whether ER proteins are contaminants or of particle ligands to a variety of receptors at the cell genuine phagosome components, we used Western blot surface. This triggers a diversity of signals that lead analysis and found that the well-characterized ER proto rearrangement of the actin cytoskeleton (May and teins calnexin, calreticulin, and Sec61p are highly enriched in phagosomes when compared to the total cell lysate and postnuclear supernatant ( Figure 1A ), indicat- . Western-blot analysis shows that the ER proteins calnexin, calreticulin, and sec61p are enriched in phagosomes, compared to the TCL and the PNS. Isolated phagosomes incubated or not in the presence of pronase for 30 min at 37ЊC were also analyzed. After a second isolation procedure to separate phagosomes from the digested materials, antibodies against the cytoplasmic domain of calnexin failed to reveal the presence of this protein on treated organelles, indicating that calnexin is present on phagosomes in its native form. In contrast, the lumenal ER protein calreticulin was not affected by the treatment, indicating its presence in the lumen of phagosomes.
(B) Localization of calnexin was performed on isolated phagosomes by immunofluorescence or by a preembedding immunogold approach, using the antibody against the cytoplasmic domain. Insert (immunofluorescence) shows that calnexin is present around latex beads on the phagosome membrane. Observation at the EM level confirmed that calnexin is present around the phagosome membrane (88% of the gold particles were on the phagosome membrane) and not on other unidentified membrane components (asterisk). Calnexin is also present on rat liver microsomes (arrow) added to our preparations (positive control), but not revealed when antibodies against the lumenal part of calnexin are used since this portion of the molecule is not reachable by antibodies in intact phagosomes (negative control). Arrow shows a negative phagosome. (C) In some cases, two types of membranes, a thin (indicated with large arrows) and a thicker one (indicated with small arrows), are observed on phagosomes. Preembedding immunolabeling revealed that calnexin is preferentially detected in thin membranes (94%), whereas LAMP1 is clearly present on thicker membranes (92%). Note that microsomes were also added as a positive control (left panel).
ing that these proteins are unlikely to arise from contamipresence of ER vesicles in the phagosome lumen, which would be inaccessible to pronase. Since the intralunation.
If ER vesicles are contaminating the phagosome prepmenal ER soluble protein calreticulin was insensitive to pronase treatment, this also ruled out the loose associaarations, we expect these vesicles to be either inside the phagosomal lumen or loosely associated with the tion of ER vesicles at the phagosome surface, as such vesicles would have been released by pronase treatcytoplasmic surface of phagosomes. If, instead of being a contaminant, ER fuses directly with phagosomes, we ment. Hence, calnexin and calreticulin are in their native orientation in phagosomes, as expected if direct fusion expect the transfer of ER membrane proteins to the phagosome membrane and the transfer of lumenal ER between ER and phagosomes occurs. To demonstrate directly the presence of ER elements proteins to the lumen of phagosomes. To address these possibilities, we performed pronase digestion on purion the phagosome membrane, we performed confocal analysis with anti-calnexin antibodies on macrophages fied intact phagosomes, a procedure that degrades all the proteins moieties exposed on the cytoplasmic side that had internalized latex beads for 30 min. The results showed a strong labeling for calnexin dispersed in the of these organelles, followed by a second isolation procedure to separate phagosomes from the released macytoplasm and around latex bead-containing phagosomes in situ (not shown). However, it was difficult to terials (Garin et al., 2001 ). This treatment resulted in degradation of the cytoplasmic domain of calnexin, as determine if phagosomes were really labeled or if they were simply present in a strongly ER-positive area. Acshown by the loss of phagosome immunoreactivity to a calnexin C terminus specific antibody ( Figure 1A ). The cordingly, we isolated phagosomes and performed the immunofluorescence analysis on purified organelles. deduced presence of the C-terminal domain of calnexin on the cytoplasmic side of phagosomes ruled out the This approach showed the presence of labeling around more than 70% of the isolated phagosomes (insert in internalized antichymotrypsin was degraded by the ac- Figure 1B ). Using preembedding immunogold labeling quired hydrolases during phagosome maturation. Denat the electron microscope (EM) level with antibodies sitometric measurement also showed that the level of against the cytoplasmic tail of calnexin, we were able ER proteins (e.g., PDI) decreased during the early stages to demonstrate direct association of calnexin with the of phagosome maturation, followed by an increase 6 hr phagosome membrane ( Figure 1B ; of 1095 gold partiafter bead internalization. This showed that phagocytic cles counted, 88% were on the phagosome membrane).
structures ranging from phagocytic cups to mature phaStrong labeling was also observed on rat liver ER microgolysosomes can be isolated and that ER is already somes added to our samples as a positive control (Figpresent on phagocytic cups. ure 1B, top right panel). In contrast, as a negative control, To confirm the kinetics of ER association to phagono labeling was observed when antibodies against the somes, we monitored by immunoblotting the acquisition lumenal domain of calnexin were used, as this part of of calnexin and LAMP1 (a marker of phagosome maturathe molecule is not accessible by antibodies under our tion) on the various phagocytic structures. When the conditions ( Figure 1B, bottom right panel) . These results same number of organelles was analyzed, the earliest identify calnexin as a bona fide constituent of the phagocompartments studied displayed the strongest signal some membrane. In most phagosomes, the calnexin for calnexin, while LAMP1 was present in low amounts labeling was not uniform across the membrane ( Figure  (Figure 2B) Figure 3B ) and accumulation of beads at the cell Phagocytosis begins by the formation of a membrane structure, referred to as phagocytic cup, believed to surface within pseudopodia (phagocytic cups). Observation of these structures at the EM level revealed an originate from the plasma membrane, which invaginates and seals to form the phagosome. Based on the results unexpected feature occurring during the early phase of phagocytosis. Direct contacts and apparent continuities obtained so far, we argue that ER is directly recruited to phagocytic cups to provide some of the membrane were observed between ER and the PM, at sites of bead internalization ( Figures 3C and 3D ), suggesting that ER required for phagosome formation. In order to visualize this process, we formed phagocytic cups by centrifugwas recruited directly at the cell surface to form phagosomes. A similar phenomenon was observed for worting latex beads to the surface of cells at 4ЊC, followed by a 10 min incubation at 37ЊC. Both confocal microscopy mannin ( Figure 3E Phagocytosis is also markedly reduced by bafilofirmed that some of the membrane used for phagosome formation is of ER nature, as revealed by the presence of mycin A1 (Bidani and Heming, 1995) , an inhibitor of the vacuolar proton pump ATPase. Treatment of J774 mac-G-6-Pase labeling on membranes surrounding partially engulfed latex beads ( Figure 5C ). After their formation, rophages resulted in a marked decrease of latex bead phagocytosis (around 95% inhibition). Although some a large proportion of the phagosomes displayed a strong G-6-Pase labeling ( Figure 5D and Table 1 ). latex beads were present in phagocytic cups, we were unable to observe any ER membrane connecting these
The standard protocols to form phagosomes for biochemical analysis involve the internalization of latex structures. However, when beads were internalized first, followed by bafilomycin treatment, observation at the beads in near-saturating conditions (a 1:10 to 1:50 dilution of a 10% bead suspension in culture medium). EM level revealed that numerous connections between phagosomes and ribosome-free ER-like structures ocThese conditions result in the internalization of up to 100 beads per cell, a situation in which a large quantity curred in these conditions. To confirm the ER nature of these structures, we took advantage of a cytochemical of membrane is needed and where the use of the ER might not be representative of the "natural" process technique revealing the activity of the ER enzyme glucose-6-phosphatase (G-6-Pase) at the EM level on Epon of phagocytosis. To demonstrate that ER-mediated phagocytosis is not simply used in extreme cases, latex sections, ensuring high preservation of the morphological features of the cells (Griffiths et al., 1983) . As exbeads were internalized for 60 min at a high dilution of 1:200 instead of 1:10. This resulted in the internalization pected, ER throughout the cell and the juxtaposed nuclear envelope displayed a strong G-6-Pase activity, of less than 5 beads per cell (results not shown), a less demanding situation that could possibly be accommowhile no labeling was observed on other cellular organelles and the PM, validating the high specificity of this dated by using only the plasma membrane. Nevertheless, phagosomes formed under these conditions still cytochemical approach to identify ER (see Figures 5-7) . Thus, by using this well-established approach, we were displayed the same overall protein profiles in 2-D gels, including high levels of ER proteins (results not shown), able to observe the dense precipitate generated by the G-6-Pase activity in the reticular structures connected indicating that ER is used for phagocytosis even when small amounts of membrane are required. to phagosomes after bafilomycin treatment, confirming (Table 1 ). To further demonstrate that entry through the Fc receptor leads to ER-derived phagosomes, similar analyses were performed with IgGopsonized red blood cells. In this case, a majority of the erythrocytes were in phagosomes displaying G-6-Pase activity (see Figure 6E and Table 1) .
It remained uncertain if ER-mediated phagocytosis is also used for the internalization of pathogens. To address this issue, we examined the process used to internalize Leishmania donovani, a large intracellular pathogen not known to interact with ER elements. When cells infected with wild-type Leishmania were analyzed for G-6-Pase activity, a strong labeling was observed in the lumen of parasite-containing phagosomes ( Figures  6A-6C and Table 1 ), indicating that ER is also involved in the internalization of pathogens. In several occasions, direct ER association was observed at sites of Leishmania internalization, as shown by direct contacts between ER cisternae and newly formed Leishmania-containing phagosomes near the cell surface ( Figure 6B , black arrows). Furthermore, because phagocytosis of L. donovani begins by entry of the parasite body followed by its long flagellum, in several cases we observed G-6-Pase positive membranes already present at the base of incompletely engulfed parasites while their flagella was still outside the cells (Figures 6A and  7A show two examples), as observed for latex beads (see Figure 5C ). In all cases, the flagellum was observed between short pseudopodia, which did not appear to extend around the long parasite. A mutant parasite displaying a truncated form of lipophosphoglycan at its surface was also observed in G-6-Pase positive com- the PM, while an important part appeared to be made of newly synthesized membranes of undefined origin. the rapid recruitment of calnexin to phagosomes was was shown to slow down the initial steps of latex bead phagocytosis, resulting in a decrease of the phagocytic followed by the gradual intraphagosomal degradation of its lumenal domain during phagolysosome biogenerate with the accumulation of beads within pseudopodia at the cell surface. In normal cells, apparent continuities sis. In addition, pulse-chase experiments demonstrated that calnexin glycosubstrates are recruited rapidly to were difficult to observe, possibly due to their rapid and transient nature. Indeed, fusion between ER and plasma phagosomes, within 5 min of phagocytosis. At that point, the logical interpretation of our results was that ER was membrane likely occurs as rapidly as that between secretion vesicles and PM during stimulated exocytosis, used rapidly after phagosome formation as a source of replacement for the plasma membrane. However, fura process rarely visualized at the EM level. However, using 2-D gel electrophoresis, we confirmed that early ther analyses revealed the unexpected finding that ER is used directly at the PM during phagosome formation. phagosomes formed in both control and 3-MA-treated cells were highly similar and thus unlikely to be induced Kinetic studies revealed that ER molecules are already present in high amounts on isolated phagocytic cups by different mechanisms. Figures 2A-2C) . Under normal conditions, latex beads and several Leishmania parasites were suris involved in the association to nascent phagosomes of amphiphysin II, a protein linked to the recruitment of rounded by membranes displaying G-6-Pase activity (i.e., ER), while distal portions of the beads or pathogens dynamin and required for phagosome formation (Gold et al., 2000). PI3K also participates in the deactivation and their flagella were still outside the cell. Close apposition of ER elements with the PM underneath phagocytic of PAK1, a step possibly needed for phagosome closure (Diakonova et al., 2002) . These data support the procups were also observed in cells treated with the PI3K inhibitors wortmannin and 3-MA. In our study, 3-MA posal that PI3K is required for coordinating exocytic Brucella, would exert their effect on phagolysosome (100,000 ϫ g pellet) was also evaluated by Western blot. This was done by loading on SDS-PAGE an equal amount of protein from biogenesis very early in the process, when they are still in each sample (15 g), measured using the BioRad DC protein assay.
PI3K is relevant to ER-mediated phagocytosis. PI3K (15/0 in
